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Quantifying the Zonal-Mean Structure of Tropical Precipitation

M. Popp'"> and N. J. Lutsko’

TProgram in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ, USA; located at NOAA GFDL,
Princeton, NJ

Abstract The tropical zonal-mean precipitation in climate models is well known to have substantial
biases such as an erroneous double intertropical convergence zone in the Pacific, but a comprehensive
quantification of these biases is currently missing. Therefore, we introduce a set of nine indicators that fully
characterize the position and magnitude of the tropical extrema in zonal-mean precipitation. An analysis
of the Coupled Model Intercomparison Project (CMIP) historical and Atmospheric Model Intercomparison
Project (AMIP) simulations reveals large biases in the position and, especially, in the magnitude of the
zonal-mean precipitation extrema in both sets of simulations relative to observations. We find some

of the nine indicators to be correlated, and that the structure of tropical precipitation can be well
represented using four indicators, though these indicators are different in AMIP and CMIP. Previously defined
indicators can only partly explain the biases, and so the more comprehensive terminology introduced here
is a useful tool for characterizing tropical precipitation.

1. Introduction

The modern climatological mean of Earth’s zonal-mean precipitation has a complex structure in the tropics.
The most prominent features are a pronounced maximum in the Northern Hemisphere; a secondary, smaller
maximum in the Southern Hemisphere; a local minimum close to the equator; and two pronounced subtrop-
ical minima (Figure 1). Most climate models capture these features qualitatively but exhibit substantial biases
and intermodel spread in the position and, especially, in the magnitude of the extrema in zonal-mean pre-
cipitation (Figure 1). However, a consistent and comprehensive terminology for quantifying the biases and
the spread in modeled tropical zonal-mean precipitation is still missing, which has made identifying the rea-
sons for these model deficiencies difficult. We address this problem by introducing and analyzing a set of nine
indicators that fully characterize the precipitation extrema in the tropics.

Previous studies have characterized aspects of the tropical precipitation in models, observations, or reanalysis
using empirical orthogonal functions (Li & Xie, 2014; Lintner et al., 2016), the “tropical precipitation asymmetry
index” (Adam, Schneider, et al., 2016; Hwang & Frierson, 2013; Xiang et al., 2017), the “equatorial precipitation
index” (Adam et al., 2016), spatial correlations in precipitation between models and observations (Zhang et al.,
2015), or simply by determining the position (e.g., Gruber, 1972; Mechoso et al., 1995; Lin, 2007) and the width
(Dias & Pauluis, 2011; Byrne & Schneider, 2016b) of the Intertropical Convergence Zone (ITCZ). We define here
the ITCZ as the region of the maxima in zonal-mean precipitation. On a regional scale, Stanfield et al. (2016)
used several metrics to characterize the North Pacific ITCZ, such as its width, its centerline position, and its
magnitude. A number of studies have evaluated the influence of different drivers on the position of the ITCZ
(e.g., Adam et al.,, 20164, 2016b; Bischoff & Schneider, 2014, 2016; Harrop & Hartmann, 2016; Kang et al., 2008;
Mébis & Stevens, 2012; Philander et al., 1996; Popp & Silvers, 2017; Vellinga & Wood, 2002) and the width of the
ITCZ (Byrne & Schneider, 2016a); however, the absence of a suitable terminology for describing the tropical
zonal-mean precipitation has led to a lack of clarity.

A good example of this problem is the so called “double-ITCZ" bias: The zonal and climatological mean pre-
cipitation tends to be too large at the Southern Hemisphere tropical maximum and this maximum tends to
lie too far from the equator (Lin, 2007; Li & Xie, 2014; Mechoso et al., 1995). Intuitively, the double-ITCZ bias
involves several different (though possibly related) issues, such as the distance between the two peaks, the
magnitude of each of the individual peaks, and the differences in precipitation between the two maxima and
the equatorial minimum. Previous studies have often not clearly defined what they refer to as double-ITCZ
bias and often have been referring to only a single aspect of the problem. The lack of clear definitions
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and the use of different indicators in different studies to characterize the

Zonal-mean precipitation [mm day™']

double-ITCZ bias has made it difficult to understand what aspects of the
problem have been addressed and also to compare studies.

We believe that the nine indicators introduced here will help clarify this dis-
cussion and simplify the task of identifying the causes of the biases. The
indicators will also be useful for describing the results of less Earth-like
simulations, such as idealized aquaplanet configurations or simulations
of planetary atmospheres. Below, we define the indicators and then ana-
lyze their means, standard deviations, and root-mean-square errors (RMSEs)

precipitation

30 -30 0 30 relative to observations in two multimodel ensembles of simulations

Latitude (Coupled Model Intercomparison Project (CMIP) historical and Atmospheric

Model Intercomparison Project (AMIP)). We also investigate the relation-
ships between the indicators, as well as their ability to reproduce the
zonal-mean precipitation. Finally, we compare the nine indicators intro-
PD duced in this manuscript with previously defined indicators of tropical

pole

Figure 1. Zonal-mean structure of the climatological mean tropical
precipitation. (a) The zonal-mean precipitation in the AMIP simulations

PH zonal-mean precipitation.
2. Methods
> 2.1. Indicators
We choose the nine indicators of the tropical structure of the zonal-mean
precipitation shown in Figure 1c. Five of the indicators have units of precip-
itation. The first of these five indicators is the precipitation amount at the
equator pole equator. The remaining four are expressed as differences in precipitation

amount between two latitudes, with (as ordered here) those latitudes gen-
erally moving farther poleward. More specifically, the five indicators are the

with 24 different models (gray lines) over the period from 1979 to 2005. zonal-mean precipitation at the equator
(b) The same but for the historical CMIP simulations with 26 different .
models (gray lines). The zonal-mean precipitation from the GPCP Pe:=P(p=0) , (M

observations over that same period is shown in black in Figures 1a

and 1b. (c) A schematic of the tropical zonal-mean precipitation with

the difference in zonal-mean precipitation between the absolute maximum

the nine indicators defined in section 2.1. and the equator

Py :=P. —Pp=0) , ®)

max

the difference in zonal-mean precipitation between the largest local maxima in each hemisphere,

P, := P}

pA
ImaxNH ~— P

ImaxSH  ? (3)

the difference in zonal-mean precipitation between the absolute maximum and the subtropical minimum in
the same hemisphere

. Di pi
PH T Pmax - PminEHST 4)
and the difference in zonal-mean precipitation between the subtropical minima in each hemisphere
._ pi pA
Pr 1= Plinnnst ~ Proinshst )
where 1is the longitude and overlines with A denote zonal means. ¢ is the latitude, P the precipitation, P,., the

maximum in precipitation, and P, ,,,,x @Nd Py the largest local maximum in precipitation of the Northern
and the Southern Hemispheres between the equator and the subtropical minima. P, st denotes the absolute
subtropical minimum in precipitation, and P, ,yust and Ppinsyst the minimum in precipitation of the Northern
and Southern Hemisphere subtropics, respectively. P* denotes the subtropical minimum that is in the

minEHST
same hemisphere as the absolute maximum of precipitation.

The other four indicators have units of latitude. These are the distance in latitude of the absolute maximum
zonal-mean precipitation from the equator

@ = |{(p | PH(p)=P: }

, (6)
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the distance in latitude between the absolute maximum and the largest local maximum in zonal-mean
precipitation in the other hemisphere

05 :=|{01PA@) =Ph} — {0 1PH@) = Pion}| v

the distance in latitude between the maximum and the subtropical minimum in the same hemisphere
oo = {0 1P@) =P}~ {0 P@) = Plipeusr | (®)

and the distance in latitude between the northern and southern subtropical minima in zonal-mean
precipitation

Py = |{§0 | PA(@) = 'b/lminNHST} - {(p |P(e) = Pf“i"SHST}| ’ ©

where P..on denotes the largest tropical local maximum in the opposite hemisphere of the absolute
maximum in zonal-mean precipitation.

If P, is positive (negative) the absolute maximum in zonal-mean precipitation is in the Northern (Southern)
Hemisphere. If P is positive (negative) the absolute subtropical minimum in zonal-mean precipitation is in
the Southern (Northern) Hemisphere. If there is no tropical local maximum in the opposite hemisphere, then
we define ¢, to be zero, P, to be equal to P, if the maximum precipitation is in the Northern Hemisphere, and
P, to be equal to —Pj if the maximum precipitation is in the Southern Hemisphere. If P, is zero and ¢ is not
zero, then ¢, is defined as the distance between the Northern Hemisphere maximum and the equator. If the
absolute maximum in precipitation lies exactly at the equator, then Py is defined as the difference between
the absolute maximum and absolute minimum in zonal-mean precipitation and ¢, as the distance between
the two extrema. If Py is zero as well then ¢, is defined as the distance between the absolute maximum
and the Northern Hemisphere minimum in zonal-mean precipitation.

Many other indicators could be defined in order to describe the tropical extrema of zonal-mean precipitation.
However, we think that it is important for the indicators to smoothly capture both double- and single-ITCZ
cases. For instance, if the location and magnitude of the maximum precipitation in each hemisphere were
used as indicators, then two of these indicators would not be defined in single-ITCZ cases. Similarly, we choose
P to be the precipitation at the equator, rather than at the minimum in the deep tropics, because Py is defined
in a single-ITCZ case. It is also useful for certain aspects of the precipitation to be expressed by a single indi-
cator. For example, g, is defined so as to directly indicate whether there is one (¢ = 0) or two ITCZs (¢ # 0),
while the signs of P, and P indicate the hemispheres in which the maximum and minimum precipitation
lie, respectively. By comparing the difference in precipitation between the absolute maximum and the sub-
tropical minimum in the same hemisphere, Py, is related to the strength of the Hadley circulation in that
hemisphere. Similarly, ¢, is related to the width of the Hadley cell in that hemisphere, and ¢, to the total
width of the Hadley circulation.

The nine indicators are defined such that there is a bijective mapping from the indicators to the magnitude
and latitude of the extrema in tropical precipitation (supporting information Text S1).

2.2. Models and Data

We calculate the nine indicators for the CMIP historical simulations (henceforth “CMIP”) of 26 models and
for the AMIP simulations of 24 models all taking part in the Coupled Model Intercomparison Project phase 5
(CMIP5). We determine the locations of extrema from grid point values without interpolation between grid
points. CMIP simulations include dynamical ocean models whereas in AMIP simulations the sea surface tem-
peratures and sea ice are prescribed. We calculate the indicators for the period from 1979 to 2005. The models
analyzed in this study are listed in the supporting information Table S1.

For comparison, we also calculate the indicators for the Global Precipitation Climatology Project (GPCP) data
for the period from 1979 to 2005 (Adler et al., 2003; Huffman et al., 2009), and for the precipitation obtained
from the European Center for Medium-Range Weather Forecasts Interim Reanalysis (ERA-I) for the same time
period (Dee et al., 2011).
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Table 1
Performance of the Indicators in CMIP and AMIP Simulations, Observations, and Reanalysis

Pg Pp Pa Py Pr @ @s oL ow
(mmd=")  (mmd™")  (mmd")  (mmd~") (mmd~") (deg) (deg) (deg)  (deg)

Observations and Reanalysis

GPCP 4.02 1.88 1.81 4.20 —-0.15 6.25 10.00 17.50  45.00
ERA-| 4.95 2.62 2.26 5.51 0.17 6.75 11.25 18.00  48.75
AMIP
Mean 4.53 238 2.02 4.95 —-0.15 7.03 1115 1794 5014
SD 0.40 0.73 0.66 0.65 0.10 0.54 1.55 238 345

9% 30% 33% 13% 63% 8% 13% 13% 7%
cmip
Mean 4.35 2.44 1.02 5.02 —0.28 6.87 1342 1732 4870
SD 0.54 0.87 1.10 0.79 0.23 1.14 2.14 212 345
12% 36% 107% 16% 82% 17% 16% 12% 7%
Bias Relative to GPCP
RMSE AMIP 0.65 0.87 0.68 0.99 0.09 0.93 2.14 237 6.15
16% 46% 37% 24% 60% 15% 21% 14% 14%
RMSE CMIP 0.62 1.02 1.33 1.13 0.25 1.28 4.01 2.09 5.02
16% 54% 74% 27% 165% 20% 40% 12% 1%

Bias Relative to ERA-I

RMSE AMIP 0.58 0.75 0.69 0.85 0.33 0.60 1.54 232 3.65
12% 29% 30% 16% 200% 9% 14% 13% 8%
RMSE CMIP 0.80 0.87 1.64 0.91 0.50 1.13 3.02 2.19 3.39
16% 33% 73% 17% 290% 17% 27% 12% 7%

Note. The considered time period is 1979 to 2005. The nine indicators are indicated in the first row. The first column
indicates the considered quantity. SD denotes the standard deviation from the multimodel mean. The RMSE is the
root-mean-square error of the multimodel ensemble with respect to observations (GPCP) or reanalysis (ERA-) for the dif-
ferentindicators. The units are indicated in the top row below the variables. We indicate the SD relative to the multimodel
mean in percent below the SD values. We indicate the RMSE relative to the observations and reanalysis in percent below
the RMSE values.

3. Results

3.1. Magnitude, Variance, and Accuracy of the Indicators in CMIP and AMIP Simulations

The multimodel mean, the standard deviation, and the performance of the models compared to GPCP and
ERA-I for the nine indicators are shown in Table 1 for AMIP and CMIP simulations. Overall, the RMSE is smaller
for the AMIP simulations than for the CMIP simulations, and in general, the relative RMSE is larger for the
indicators related to the magnitude of the precipitation at the extrema (P, Pp, P4, P, and Pg) than for the four
related to the position of the extrema (¢, s, ¢,, and ¢). That ¢, Py, and P, have large relative RMSEs in both
sets of simulations is indicative of the substantial biases in the ITCZ structure present in the models. In general,
the RMSEs of the indicators are smaller with respect to ERA-I than for GPCP, with the notable exception of Py
for which the RMSE is much larger for ERA-I. P, calculated from GPCP has the opposite sign of that calculated
from ERA-I, because the absolute subtropical minimum of precipitation lies in the Northern Hemisphere in
ERA-l and in the southern in GPCP. Despite the large biases in some of the indicators, only the P, calculated
from ERA-I is outside of the 95% confidence interval (calculated with a t test) of both CMIP and AMIP. All other
indicators are not significantly different between the models and GPCP and ERA-I, due to the large spread
among the models.

The model spread is larger for CMIP than for AMIP for all indicators except ¢, and ¢,,. The standard deviation
relative to the multimodel mean is especially large for P, in CMIP, because the standard deviation itself is large
and because the multimodel mean strongly underestimates P,. This, together with ¢ being close to 2¢, in
CMIP, indicates a more symmetric double ITCZ in CMIP simulations. The subtropical minima, however, appear
to be more asymmetric in the CMIP than in the AMIP simulations, because the absolute value of Py is larger in
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Table 2
Squares of the Correlation Coefficients Between the Nine Indicators

Pe Pp Py Py Pr @ ®s oL Pw Ep Ap Mp

AMIP 1979-2005
P 1 0.23 0.09 0.02 0.01 0.00 0.53 0.03 0.02 0.61 0.02 0.08
Pp 0.23 1 0.82 0.58 0.07 0.02 0.10 0.00 0.07 0.35 0.01 0.12
Py 0.09 0.82 1 0.68 0.13 0.01 0.02 0.03 0.20 0.10 0.04 0.04
Py 0.02 0.58 0.68 1 0.20 0.01 0.04 0.09 0.29 0.00 0.01 0.13
Pr 0.01 0.07 0.13 0.20 1 0.00 0.01 0.26 0.18 0.01 0.08 0.00
@ 0.00 0.02 0.01 0.01 0.00 1 0.15 0.15 0.11 0.02 0.01 0.15
®s 0.53 0.10 0.02 0.04 0.01 0.15 1 0.02 0.05 0.47 0.00 0.01
[ 0.03 0.00 0.03 0.09 0.26 0.15 0.02 1 0.78 0.14 0.09 0.15
[ 0.02 0.07 0.20 0.29 0.18 0.1 0.05 0.78 1 0.10 0.01 0.08
CMIP 1979-2005

Pe 1 0.25 0.05 0.02 0.00 0.27 0.54 0.07 0.33 0.76 0.04 0.10
Pp 0.25 1 0.59 0.56 0.08 0.07 0.17 0.01 0.01 0.29 0.16 0.05
Py 0.05 0.59 1 0.51 0.01 0.03 0.07 0.10 0.02 0.01 0.36 0.01
Py 0.02 0.56 0.51 1 0.07 0.00 0.00 0.16 0.10 0.00 0.14 0.14
Pr 0.00 0.08 0.01 0.07 1 0.00 0.01 0.05 0.01 0.03 0.04 0.10
[ 0.27 0.07 0.03 0.00 0.00 1 0.73 0.00 0.27 0.29 0.05 0.00
@5 0.54 0.17 0.07 0.00 0.01 0.73 1 0.00 0.29 0.51 0.08 0.01
@ 0.07 0.01 0.10 0.16 0.05 0.00 0.00 1 0.56 0.05 0.00 0.01
(2 0.33 0.01 0.02 0.10 0.01 0.27 0.29 0.56 1 0.31 0.05 0.03

Note. The squares of the correlation coefficients between the nine indicators and the equatorial precipitation index (E,),
the tropical precipitation asymmetry (Ap), and the tropical-mean precipitation (Mp) from 20S to 20N are also shown. The
square of the correlation coefficients corresponds to the coefficient of determination (also “R2" and indicates how much
of the variance between the variables is explained. The top 10 rows refer to the AMIP simulations and the bottom 10 rows
to the CMIP simulations. Correlations that have a two-sided p value of less than 0.025 are in bold print and are defined to
be statistically significant. Note that the indicators are perfectly autocorrelated and that the correlation is symmetric.

the CMIP simulations. There are no substantial differences in the multimodel means of Pg, Py, P, @, ¢,, and
@y between AMIP and CMIP simulations. The multimodel means in AMIP and CMIP overestimate P, Pp, and
P, relative to GPCP but underestimate these indicators relative to ERA-I.

Outliers, defined as indicator values that lie more than two standard deviations from the mean, were found for
@s and P with one model (CSIRO-Mk3-6-0) and for ¢, in another model (ACCESS1-3) in the CMIP simulations.
Two models (FGOALS-s2 and IPSL-CM5A-LR) had anomalously large ¢ in the AMIP simulations. The spread
in indicator values across models is not dominated by outliers.

3.2. Relation Between the Indicators

We expect a few indicators, such as Pz and Pp, P, and Py, Py and P, and ¢, and @ to be somewhat corre-
lated, due to the definition of these quantities as differences in latitude or in precipitation. Indeed, P, and P
and P, and P, are strongly correlated in both AMIP and CMIP simulations, because the variances of P, and P,
are dominated by the variance in P, (Table 2). P, and P,; are even more strongly correlated in AMIP simula-
tions with almost 80 % of the variance explained. However, the correlation between P; and Py, is considerably
lower, with only about a quarter of the variance of P, explained by the variance of P, in both CMIP and AMIP.
Surprisingly, @ is highly correlated with P with about half the variance explained in both CMIP and AMIP.
That is, the distance between the two tropical precipitation maxima is well correlated across models with the
precipitation at the equator.

In general, more indicators are correlated in CMIP, with 11 out of the 36 possible correlations between the
indicators (not accounting for autocorrelations) being statistically significant, compared to only 8 out of the
36 in AMIP. The largest single difference between CMIP and AMIP simulations is that ¢, (the distance between
the latitude of maximum precipitation and the equator) and ¢ are very highly correlated in CMIP but not in
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AMIP. The CMIP models also have notably stronger correlations than the AMIP models between P and ¢, P¢
and ¢, and @s and ¢,

3.3. Predictive Skill

To further demonstrate the relevance of the indicators, as well as to determine which indicators are the most
relevant for capturing the intermodel spread in tropical precipitation, we have used the indicators to predict
the zonal-mean tropical precipitation in the models. To do this, nine basis functions were obtained by lin-
ear regression of the indicators to the climatological zonal-mean precipitation at each latitude. That is, we
calculated the nine functions that minimize the quantity

N
e = |% X [Prom- Y fom)| . (10)
m=1 JE{Pg.Pp.PAPH PR PP PP }

where m denotes the model, N the number of models in the ensemble, J(m) denotes the value of the indicator
J of the model m, and f, denotes the basis function of the indicator J. The tropical precipitation can then be
approximated by multiplying the functions by their corresponding indicator and summing

P, m) ~ > fi(@)(m) . (11)

JE{Pe.Pp.PAPH PR DS P -PL }

Comparing the RMSE between the models’ tropical precipitation and the predicted tropical precipitation, the
small values across the tropics suggest a good prediction for AMIP (supporting information Figure S1, left
column). Almost the same quality of prediction is obtained using only the six indicators Pg, Pp, P4, Py, @, and
@y, and even with only the four indicators P, Pp, Py, and ¢, the prediction is still good. Note that the sets of
indicators P, Pp, P4, and ¢, as well as P, Pp, Py, and @, give almost an identical quality of prediction. We have
found that a reasonable prediction can still be obtained with a linear regression of the three indicators P, Pp,
and ¢,. The standard deviation of the predicted precipitation is, however, considerably smaller poleward of
the ITCZs than that of the multimodel ensemble in this case. This suggests that in AMIP simulations, the spread
across models in the zonal-mean precipitation can be represented in the deep tropics with the indicators P,
Py, and ¢y, and in the entire tropics with the indicators P, Pp, P, and @, (or Pg, Pp, P4, and @y, or P, Pp, Py,
and ¢,).

The RMSE is generally larger for the prediction of the CMIP precipitation (supporting information Figure S1,
right column) than for the prediction of the AMIP precipitation (supporting information Figure S1, left
column), but overall, the prediction with nine indicators is still reasonably good. The prediction underesti-
mates the model spread on the poleward flank of the Northern Hemisphere ITCZ, and accordingly, the RMSE
is also large in that region. Using only the six indicators Pg, Pp, P4, Py, @, and ¢, deteriorates the qual-
ity of prediction in the Southern Hemisphere subsidence region and on the poleward flank of the Northern
Hemisphere ITCZ. Replacing ¢ by P, improves the prediction in the Southern Hemisphere subsidence region
but deteriorates the prediction at lower latitudes. A reasonable prediction of the multimodel ensemble can
be obtained in the deep tropics with the four indicators Pg, Pp, P,, and ¢s. Unlike for AMIP, it is not possible
to obtain a decent prediction of the Southern Hemisphere precipitation in the CMIP models with only three
indicators. Since these four indicators (Pg, Pp, P4, and @) quantify the magnitudes and relative positions of the
maxima in precipitation, it is doubtful that an accurate description of the ITCZ structure in CMIP simulations
can be attained by any further simplification.

Comparing with the AMIP results, the greater spread in the positions and magnitudes of the tropical precip-
itation maxima in the CMIP simulations means that P,, P, and @, are more relevant for capturing the model
spread in tropical precipitation in coupled simulations. In AMIP simulations there is less spread in the precip-
itation maxima and so different indicators can be used to reproduce the profile of tropical precipitation. This
picture is consistent with the results obtained by Li and Xie (2014) and Lintner et al. (2016) who find that in
the tropical Pacific there is larger spread in the position and width of the ITCZ in CMIP than in AMIP simula-
tions, but that substantial biases in the amount of precipitation remain in AMIP. In particular, Li and Xie (2014)
also find that more than half the variance between models in precipitation in the tropical Pacific is associated
with the double-ITCZ bias in the CMIP simulations.
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4. Discussion and Conclusions

4.1. Comparison With Other Indicators

Several previous studies have linked the zonal-mean double-ITCZ structure of precipitation in CMIP and obser-
vations to the tropical hemispherical asymmetry in precipitation (e.g., Hwang & Frierson, 2013; Xiang et al.,
2017) using the “tropical precipitation asymmetry index”:

P 0S—20N _ p 205-05

A , (12)

P P 205-20N
where overlines denoted with latitudes are area means over the region between the two indicated latitudes.
There is no clear link between the tropical precipitation asymmetry index and any of the nine indicators
(Table 2), however. This suggests that the precipitation extrema, and thus, the ITCZ structure, cannot accu-
rately be described by the hemispherical asymmetry in precipitation alone. But this also means that none of
the nine indicators on their own can describe the hemispheric asymmetry in precipitation, which is a useful
quantity. A multiple linear regression with all nine indicators explains around 66% of the variance of the trop-
ical precipitation asymmetry index across models in CMIP and 53% in AMIP simulations. P,, ¢;, and ¢, suffice
to explain around half the variance opr across models in CMIP simulations, whereas in AMIP Pg, Pp, Py, Py Pg,
and ¢, are necessary to explain around half the variance of A,,. Estimating the tropical precipitation asymme-
try with the nine indicators using the trapezoid rule of integration between the extrema to approximate the
hemispheric mean of tropical precipitation does not yield high correlations with the actual asymmetry index
either (supporting information Text S2 and Table S2).

Adam, Schneider, et al. (2016) suggest that the ITCZ structure may be linked to the “equatorial precipitation
index” that relates the equatorial precipitation to the tropical-mean precipitation:

'E) 25-2N

The idea is that if the ITCZs are close to the equator, the equatorial precipitation should be large compared
to the tropical-mean precipitation and it should be small if the ITCZs are farther away. Our results suggest
indeed that the equatorial precipitation index explains about half the variance of ¢;. However, the variance
of g is even better explained by the equatorial precipitation alone (Pg). The equatorial precipitation index
does a better job at predicting the variance in P, than does P.. So overall the equatorial prediction index can
explain some but not all of the structure of the ITCZ.

Note that variations in tropical-mean precipitation (M,) are not strongly linked to any of the indicators. A
simplified calculation of the tropical-mean precipitation using the nine indicators is well correlated with M,
(supporting information Text S2 and Table S2).

4.2. Comparison of Indicators Between AMIP and CMIP

How well do the different indicators correlate between AMIP and CMIP simulations? To investigate this, we
analyze the twenty models for which both AMIP and CMIP simulations were performed (supporting informa-
tion Table S1).In general, the indicators describing the subtropical minima are better correlated than the ones
describing the ITCZs, but the spread among AMIP simulations cannot explain more than 34 % of the variance
of any indicator in the CMIP simulations (and vice versa) (supporting information Table S3). This is in agree-
ment with Li and Xie (2014) who find that the equatorial precipitation in the tropical Pacific does not correlate
well between CMIP and AMIP, and that the biases in CMIP are, in general, better correlated with biases in sea
surface temperatures than with biases in AMIP simulations. However, the tropical-mean precipitation from
20S to 20N is strongly correlated between AMIP and CMIP models. This raises the question whether some
of the correlations between the indicators P, Py, P4, Py, and Py (that indicate magnitudes of precipitation)
are caused by the high correlation in tropical-mean precipitation. Therefore, we normalized these five indica-
tors, by dividing them by the tropical-mean precipitation and performed a correlation analysis with the thus
normalized indicators. Overall, the normalization does not substantially change the correlation between the
indicators, except that the normalized Py, is strongly correlated with ¢, (supporting information Tables S4
and S5). This suggests that there is a relationship between the strength and width of the Hadley circulation in
climate models.

4.3. Caveats
The correlations between the indicators were calculated for the period of 1979 to 2005. To test the robustness
of the results, we also calculated the correlations for the period 1979 to 2008 in AMIP (supporting information
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Table S6) and for the period 1861 to 2005 in CMIP (supporting information Table S7). The correlations differ
slightly for CMIP when using the period 1861 to 2005, but the results are qualitatively similar. However, when
the AMIP calculations are repeated for the period 1979 to 2008, ¢s and P, are not strongly correlated any-
more. This is because two models (BCC-CSM1-1 and CanAM4) do not exhibit a double ITCZ, and so ¢ is zero
for these models. These two models have a very marginal ITCZ in the Southern Hemisphere in the period 1979
to 2005 that vanishes with the three additional years. Note that in observations, there is a clear double ITCZ
throughout the period 1979 to 2008. A feature of indicators that describe the existence of ITCZ (such as ¢s)
is that if small changes in precipitation make a second ITCZ appear or disappear, large changes in the value
of the indicators occur. This suggests that the correlation between ¢ and P may be small if both single- and
double-ITCZ cases are present in multimodel ensembles. In eight aquaplanet simulations, in which simula-
tions with both and single and double ITCZs exist, ¢ and P, are, however, correlated and thus suggest that
this is not necessarily the case in other setups (supporting information Table S8).

4.4. Conclusions and Summary

We have introduced nine indicators for the tropical zonal-mean precipitation with the aim of creating a unified,
comprehensive terminology for describing tropical precipitation. This terminology will allow future studies to
refer to the specific aspects of the tropical precipitation that they are addressing and will also allow the results
of different studies to be compared more easily. This will allow a more detailed attribution of precipitation
biases to model deficiencies or to biases of other quantities in future studies. Our analysis of the indicators in
AMIP and CMIP simulations has highlighted a number of deficiencies in the models. For instance, the models
tend to do worse at capturing the magnitude of the tropical precipitation than at capturing the position of
the extrema. By specifying the SSTs, the AMIP simulations tend to have lower errors relative to observations,
but even these simulations have relatively large errors related to the structure of the double ITCZ. We have
also uncovered some unexpected relationships between the indicators. Perhaps most notably, the distance
between the two ITCZs is strongly correlated with the equatorial precipitation. This correlation holds in both
the CMIP and the AMIP data.

A comparison with previously used indicators of precipitation suggests that the hemisphericasymmetry index
does not correlate well with the indicators describing aspects of the double-ITCZ structure, whereas the equa-
torial precipitation index explains about half the variance in the distance between the two ITCZs and about
a third of the variance in the difference between the precipitation at the larger ITCZ and the equatorial pre-
cipitation. However, a linear regression of the nine indicators to the multimodel ensemble suggests that the
full ITCZ structure cannot be accurately captured with less than three indicators in AMIP and four in CMIP.
This supports our notion that it is important to consider multiple indicators when discussing the structure of
the ITCZ.

Possible future applications of the nine indicators we have defined here include the characterization of the
zonal-mean tropical precipitation in specific regions of interest, in different seasons, in simulations of future
climate change, in paleoclimate scenarios, and in simulations of less Earth-like climates.
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